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The hidden-charmed pentaquark Pc(4450) and the charmonium-like state Y(4274) are investigated as a D¯
∗
Σc
and a DsD¯s0(2317) molecular state, respectively. The spin parities of these two states cannot be well understood
if only S-wave D¯∗Σc and DsD¯s0(2317) interactions are considered. In this work, the interactions are studied
in a quasipotential Bethe-Salpeter equation approach with a partial wave decomposition on spin parity JP, and
the contributions of different partial waves are studied in a two-channel scattering model including a generating
channel and an observation channel. Two poles at 4447 ± 4i and 4392 ± 46i MeV are produced from the D¯∗Σc
interaction coupled with the J/ψp channel in 3/2− wave and 5/2+ wave, respectively. The peak for the 5/2+
state has a comparable height as that of the 3/2− state in the J/ψp invariant mass spectrum. The DsD¯s0(2317)
interaction coupled with the J/ψφ channel is studied and a pole at 4275±11i MeV is produced in JP = 1+ wave,
which corresponds to P-wave DsD¯s0(2317) interaction. The pole from S-wave DsD¯s0(2317) interaction is far
below that from P-wave interaction even the J/ψφ threshold, so cannot be observed in the J/ψφ channel. The
result suggests that in these cases a state carrying a spin parity corresponding to P-wave interaction should be
taken as seriously as these carrying a spin parity corresponding to S-wave interaction in the hadronic molecular
state picture.
PACS numbers: 14.20.Pt, 03.65.Nk, 11.10.St
I. INTRODUCTION
The hadronic molecular state picture is one of the most
popular interpretations of the exotic state in market [1]. It
has been widely applied to explain a series of experimentally
observed exotic states, which cannot be assigned in the con-
ventional quark model but is close to the threshold of two
hadrons. In the literature, people often focus on the bound
state from S-wave interaction and assume the P-wave bound
state should be difficult to form from hadron-hadron interac-
tion and to observe in experiment. For example, the X(3872)
and the Zc(3900) are related to isoscalar and isovector S-wave
DD¯∗ states [2–4], and the Y(4274) and the Y(4140) are related
to S-wave DsD¯s0(2317) and D
∗+
s D
∗−
s states, respectively [5–
8]. There also exist predictions of hidden-charmedpentaquark
from S-wave anticharmedmeson and charmed baryon interac-
tions [9, 10].
The recent observation of the Pc(4450) and Pc(4380) at
LHCb confirmed the existence of the hidden-charmed pen-
taquark. With the help of partial wave analysis, LHCb pro-
vides the information about spin parities as well as masses
of these states [11–13]. Surprisingly, different from the pre-
dictions in Refs. [9, 10] the hidden-charmed pentaquarks
Pc(4380) and Pc(4450) carry opposite parities. It is difficult to
explain both states as hadronic molecular states from relevant
S-wave anticharmed meson and charmed baryon interactions,
i.e., D¯Σ∗c, D¯
∗
Σc, and D¯
∗
Σ
∗
c interactions. In Ref. [14], the au-
thors proposed that the Pc(4450) can be reproduced from S-
wave interaction of a proton and a P-wave charmonium χc1,
with a small coupling to the J/ψp channel. It is an interesting
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interpretation but a little different from the standard molecu-
lar state picture because the attraction is from transition be-
tween the χc1p and J/ψp channel instead of the direct χc1p
interaction which is suppressed according to the OZI rule. In
Ref. [15], the D¯Σ∗c, D¯
∗
Σc, and D¯
∗
Σ
∗
c interactions were inves-
tigated in a quasipotential Bethe-Salpeter equation approach
with a partial wave decomposition based on JP. In such an
approach, the orbital angular momentum L is not considered
explicitly because it is not a good quantum number when the
calculation is relativistic and the experimental result is pro-
vided with spin parity JP directly. A bound state in 5/2+
wave is produced from the D¯∗Σc interaction, which can be ex-
plained as experimentally observed Pc(4450) [15]. Such spin
parity cannot be produced from S-wave interaction of a D¯∗
with 1− and a Σc with 1/2+. So this bound state with 5/2+
should be from P- and F-wave D¯∗Σc interaction. Such a chal-
lenge also happens in the case of the Y(4274). The spin parity
1++ determined at LHCb [12, 13] conflicts with previous S-
wave DsD¯s0(2317) molecular state interpretation [5, 7], which
suggests P-wave interaction should be also introduced in this
case.
In this work we will study the Pc(4450) and Y(4274) in
a quasipotential Bethe-Saltpeter equation with a partial wave
decomposition on spin parity JP. The spin parity which cor-
responds to P wave will be considered and focused. In the
literature, there are some studies about the P-wave molecular
state [15–17], especially Ref. [17] where S-wave interaction
is forbidden. However, explicit comparison of the effects of P
wave and S wave on experimental observables, such as cross
section and invariant mass spectrum, is scarce. Hence, in this
work, we will focus on three questions:
• Admittedly, P-wave interaction should be weaker than
S-wave interaction. We will study whether P-wave in-
teraction is too weak to form a bound state, or weak but
2still enough to form a bound state in some cases.
• Can the P-wave bound state, if it can be produced, be
observed as these from S-wave interaction?
• If the observed state corresponds to the P-wave bound
state, it should be answered where is the S-wave bound
state which should be easier to produce.
In the next section, the formalism adopted in the quasipo-
tential Bethe-Salpeter equation approach is presented, and
a toy model of two-channel scattering of scalar mesons is
adopted to compare P-wave and S-wave contributions. In
Sec. III, the LHCb pentaquarks Pc(4450) and Pc(4380) are
studied as the D¯∗Σc molecular states. The DsDs0(2317) inter-
action and the Y(4274) are studied in Sec. IV. The discussion
and summary are given in the last section.
II. FORMALISM
In this work, we will introduce a two-channel scattering,
which includes a generating channel and an observation chan-
nel, to study the relative magnitude of contributions of differ-
ent spin-parity partial waves.
• Generating channel: It has a higher threshold and is
adopted to generate the bound state by exchange of light
mesons. In the cases considered in this work, the D¯∗Σc
channel and the DsD¯s0(2317) channel are considered
for the Pc(4450) and the Y(4274), respectively.
• Observation channel: It has a lower threshold and is
adopted to observe the bound state generated by the
generating channel. For the observation channels con-
sidered in this work, i.e. the J/ψp channel and the J/ψφ
channel, the interaction is very weak according to the
OZI rule.
The generating and observation channels are coupled by ex-
changes of heavy mesons, D or D∗ mesons here. With the
transition between two channels, the bound state generated by
the generating channel will leave the real axis in the complex
plane and exhibit itself as a peak in the invariant mass spec-
trum of the observation channel. The contributions of differ-
ent spin-parity partial waves in the observation channel can
be compared. To study the two-channel scattering, a coupled-
channel quasipotential Bethe-Salpeter equation approach will
be adopted.
A. Quasipotential Bethe-Salpeter equation
The general form of the Bethe-Salpeter equation for the
scattering amplitude reads
Mmn(k′1k′2, k1k2; P)
= Vmn(k′1k′2, k1k2; P) +
∑
l
∫
d4k′′
(2π)4
· Vml(k′1k′2, k′′1 k′′2 ; P)Gl(k′′1 k′′2 )Mln(k′′1 k′′2 , k1k2; P), (1)
where V is the potential kernel and G is the product of the
propagators for two constituent particles. Here the momentum
of the system P = k1 + k2 = k
′
1
+ k′
2
, and the relative momen-
tum k′′ = (k′′
2
− k′′
1
)/2. The superscript l, m or n remarks the
different channels, generating and observation channel here.
The Bethe-Salpeter equation is usually reduced to a three-
dimensional equation with a quasipotential approximation. To
study the behavior of the one-boson-exchange interaction be-
low threshold, the off-shellness of two constituent hadrons
should be kept. Here we adopt a most economic method,
that is, the covariant spectator theory [18, 19], which was ex-
plained explicitly in the appendices of Ref. [4] and applied
to studied the Λ(1405), the Zc(4430), the N(1875), and the
Z(3900) and the LHCb pentaquarks [4, 15, 20–23]. Written
down in the center-of-mass frame where P = (W,0), the prop-
agator is
G = 2πi
δ+(k 2
2
− m2
2
)
k 2
1
− m2
1
= 2πi
δ+(k0
2
− E2(p))
2E2(p)[(W − E2(p))2 − E21(p)]
, (2)
where k1 = (k
0
1
,−p) = (W − E2(p),−p) and k2 = (k02,p) =
(E2(p),p) with E1,2(p) =
√
M 2
1,2
+ |p|2. A definition G0 =
G/(2πi) will be used for convenience thereafter. The con-
stituent particle 2, which is the heavier one, is put on shell to
satisfy the charge-conjugation invariance because the meson-
exchange model is adopted in the current work [24]. A nu-
merical discussion about different choices of the oneshell con-
stituent particle was made in Ref. [25], and no obvious dif-
ferences were found with different choices. We would like
to note that the covariance and the unitary are kept in this
quasipotential approximation.
After multiplying the polarized vector and spinor on both
sides of Eq. (1), we obtain an equation for helicity amplitude
as
iMmnλ′,λ(p′,p) = iVmnλ′λ(p′,p) +
∑
l,λ′′
∫
d3p′′
(2π)3
· iVmlλ′λ′′ (p′,p′′)Gl0(p′′) iMlnλ′′λ(p′′,p), (3)
where p, p′ and p′′ are the momenta of constituent 2. Here
and hereafter, individual helicities are omitted where redun-
dant and states are only labeled by the total helicities λ, λ′ and
λ′′.
In this work, we make a partial wave decomposition of the
helicity amplitudeM based on spin parity J as [26]
Mλ′λ(p′,p) =
∑
JλR
2J + 1
4π
DJ∗λR,λ′(φ
′, θ′, 0)
· MJλ′λ,λR(p′, p)DJλR,λ(φ, θ, 0), (4)
where DJ
λR,λ
(φ, θ, 0) is the rotation matrix with J being the an-
gular momentum for the partial wave considered and λR being
3the helicity of the bound state. A definition p ≡ |p| is adopted
here in order to avoid confusion with the four-momentum p.
Without loss of generality, we choose the scattering to be in
the xz plane, the potential is written as
VJλ′λ(p, p′) = 2π
∫
d cos θdJλλ′(θp′ ,p)Vλ′λ(p′,p), (5)
where the momenta k1 = (W − E, 0, 0,−p), k2 =
(E, 0, 0, p) and k′
1
= (W − E′,−p′ sin θ, 0,−p′ cos θ), k′
2
=
(E′, p′ sin θ, 0, p′ cos θ).
Besides the above partial wave decomposition, the ampli-
tude with fixed party is introduced asMJP
λ′λ =MJλ′λ + ηMJλ′−λ
with η = PP1P2(−1)J−J1−J2 , where P and P1,2 are the parities
and J and J1,2 are the angular momenta for the system and
particle 1 or 2 [29]. The partial wave Bethe-Salpeter equation
with fixed spin parity JP reads as [4]
iMˆmn,JP
λ′λ (p
′, p) = iVˆmn,JP
λ′λ (p
′, p) +
∑
l,λ′′
∫
p′′2dp′′
(2π)3
· iVˆml,JP
λ′λ′′ (p
′, p′′)Gl(p′′) iMˆln,JP
λ′′λ (p
′′, p), (6)
where λ, λ′ and λ′′ ≥ 0 and MˆJP
λ′λ = fλ′ fλM
JP
λ′λ, with f0 =
1√
2
and fλ,0 = 1. The potential with fixed parity is of a form
VˆJPλ′λ(p′, p) = 2π fλ′ fλ
∫
d cos θ[dJλλ′(θp′ ,p)Vλ′λ(p′,p)
+ ηdJ−λλ′(θp′ ,p)Vλ′−λ(p′,p)]. (7)
By using normalization of the Wigner D matrix, the inte-
gration of the amplitude is
∑
λ′λ
∫
dΩ|Mλ′λ(p′,p)|2 =
∑
JP,λ′≥0λ≥0
|MˆJPλ′λ(p′, p)|2. (8)
Since there is no interference between the contributions from
different partial waves, total cross section or invariant mass
spectrum can also be divided into partial-wave cross sections.
To solve the integral equation (6), we discretize the mo-
menta p, p′, and p′′ by the Gauss quadrature with a weight
w(pi) and have [4]
Mik = Vik +
N∑
j=0
Vi jG jM jk. (9)
The propagatorG is of a form
G j>0 =
w(p′′
j
)p′′2
j
(2π)3
G0(p
′′
j ),
G j=0 = −
ip′′o
32π2W
+
∑
j
w(p j)(2π)3
p′′2o
2W(p′′2
j
− p′′2o )
 , (10)
with on-shell momentum
p′′o =
1
2W
√
[W2 − (M1 + M2)2][W2 − (M1 − M2)2]. (11)
In this work, we will search for the pole of scattering am-
plitude as M = (1 − VG)−1V . By analytic continuation into
complex plane W → z, the pole can be found by variation of
z in the complex plane to satisfy |1 − V(z)G(z)| = 0.
B. Toy model: Two-channel scattering of scalar mesons
Since realistic interaction is complex, we present first a sim-
ple toy model to explain why we should not work with S-wave
interaction only. Here, the generating channel is composed of
two scalar particles with equivalent masses M = 2.2 GeV and
observation channel is composed of two scalar particles with
masses 1 and 3 GeV. All particles involved are assumed to
be scalar and isoscalar particles for simplicity. In the current
case, the 0+ and 1− waves with partial wave decomposition on
spin parity JP correspond to S and P waves, respectively.
The potential in the one-boson-exchangemodel for the two-
channel scattering is written as,
iV =

C
q2 − m2
C′
q2 − m′2
C′
q2 − m′2 0
 , (12)
where q is momentum of exchanged meson. The C and C′
describe the strengths of interactions for the generating chan-
nel and transition of two channels, respectively. In the cases
of the D¯∗Σ − J/ψp and DsD¯s0(2317)− J/ψφ interactions con-
sidered in the current work, the interaction in the generating
channel is mediated by exchanges of light mesons, such as π
and ρmesons, and the coupling of generating and observation
channel by exchanges of charmed mesons, such as the D me-
son. To connect with these realistic cases, in the toy model
we choose m = 0.5 GeV and m′ = 2 GeV, which are at the
same order of masses of light meson and of charmed meson,
respectively.
Before presenting the explicit numerical results about the
S and P waves, we give a simple analytical discussion. Ac-
cording to the definition of partial-wave potential in Eq. (5),
for a scalar system considered here the S-wave contribution
is from the terms with (cos θ)0 = 1, and the P-wave contribu-
tion is from the terms with cos θ which usually appears with
a factor of δ2 = (p/M)2. If both constituents are on shell, we
will have a very small δ because of the small binding energy
of molecular state of an order of 10 MeV and large masses M
of two constituent hadrons of the order of 1 GeV . It is why
the suppression of the P-wave contribution seems obvious in
the hadron physics community.
Now we take the potential of generating channel as an ex-
ample to show why such an analysis is not so reliable for
meson-exchange potential. If we assume δ small the poten-
tial can be written as
C
q2 − m2 =
C
2M2 − 2E2(p) E′2(p′) + 2pp′ cos θ − m2
≈ −C
p2 + p′2 + m2 − 2pp′ cos θ . (13)
If the momentum p(
′) is also much smaller than the mass of
the exchanged meson m, the term 2pp′ cos θ can be omit-
ted so that the P-wave contribution vanishes. However, the
exchanged meson is often light in the one-boson-exchange
model. Furthermore, except at threshold it is impossible to
put both constituent particles on shell. The momentum is not
4fixed but a variable of integration in our quasipotential Bethe-
Saltpeter approach and popularly used Lippmann-Schwinger
equation approach. It is often cut off at about 1 GeV, so the
momentummay be larger than the mass of the exchangedme-
son.
In the chiral unitary approach, the cutoff in momentum
can be seen as regularization [27], which can be related to
the dimensional regularization as discussed in Ref. [28]. In-
serting the potential in Eq. (12) into the partial-wave Bethe-
Salpeter equation in Eq. (6), one can find that the convergence
is not satisfied in our approach. Hence, a regularization is also
needed in our approach. We will adopt an exponential regu-
larization by introducing a form factor of exponential form in
the propagator as
G0(p)→ G0(p)F(p) = G0(p)
[
e−(k
2
1
−m2
1
)2/Λ4
]2
, (14)
with k1 and m1 being the momentum and mass of the charmed
meson [4]. The particle 2 is not involved because of its on-
shell-ness. With such regularization, the momentum usually
spreads from 0 to about 1 GeV as presented in Fig. 1.
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FIG. 1. (Color online) The ratio R between P-wave and S-wave po-
tential. Part (a) is for the generating channel and Part (b) for the
transition between the generating and the observation channel.
Here a binding energy E = 10 MeV is adopted and cutoff Λ
is chosen at 2 GeV. For convenience, we plot the results with
p = p′. The form factor F(p) is about 50% at p ≈1 GeV. So, it
is unreliable to regard the P-wave contribution as a negligible
contribution even for exchange of ρ, ω, σ or φmesons, which
is not so light as the π meson.
In Fig. 1, the ratio R = VP/VS between the P-wave and
S-wave potential with p = p′ is also depicted. It is obvious
that the P-wave potential is smaller but of the same order of
magnitude as the S-wave potential for exchange of a parti-
cle with mass m = 0.5 GeV. The ratio R for the transition
of the generating and observation channel is smaller than that
for the generating channel, which is due to larger mass of the
exchanged meson.
The above analysis suggests that P-wave interaction is
weaker than S-wave interaction but still promising to produce
a bound state. In the following, we will make an explicit cal-
culation to compare P-wave and S-wave contribution by tak-
ing explicit strengthes C = 6000 GeV and C′ = 2000 GeV as
an example. With potential in Eq. (12), the log |1 − V(z)G(z)|
is plotted in Fig. 2 with variations of Re(z) and Im(z). The
poles can be identified from the plot at z which satisfies
|1 − V(z)G(z)| = 0. The square of the scattering amplitude
for the observation channel
|MJPobs|2 =
∑
λ′≥0λ≥0
|MˆJPobs,λ′λ(p′o, po)|2, (15)
which is the core of many observables, such as cross sec-
tion and invariant mass spectrum, is also presented in Fig. 2.
The scattering amplitudes MˆJP
obs,λ′λ(p
′
o, po) correspond to the
observation-channel part of amplitude MˆJP
λ′λ(p
′, p) with fixed
spin parity in Eq. (8) with the momenta p′ and p being cho-
sen as on shell momentum defined in Eq. (11). The scattering
amplitude is obtained by a numerical solution of the Bethe-
Salpeter equation with fixed spin parity in Eq. (6) by trans-
forming it to a matrix equation (9). 1
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FIG. 2. The log |1 − V(z)G(z)| and square of scattering amplitude
|M|2
obs
for the toy model. The results in 0+ (S wave) (left panel) and
1− (P wave) (right panel) are drawn to the same scale.
A P-wave bound state is produced from the generation
channel as well as a S-wave state. The P-wave state is closer
to the threshold of the generating channel than the S-wave
state, which is easy to understand because the P-wave inter-
action is, though strong enough to produce a bound state, but
still weaker than the S-wave interaction. Such a phenomena
will be helpful to answer where is S-wave bound state which
should be easier to produce if the observed state corresponds
to a P-wave bound state. It will be discussed later in the real-
istic case in the next section.
If only the generation channel is considered, the pole for
the bound state is at the real axis. After transition of gener-
ating and observation channels is included, the poles for both
S- and P-wave abound states leave the real axis to the com-
plex plane. In other words, the transition will give the bound
state width. In the model considered here, the S-wave and
the P-wave states decay to the observation channel through S
and P waves, respectively. The P-wave state has smaller width
than the S-wave state because the transition between generat-
ing and observation channel in P wave is weaker than those
5in S wave as shown in Fig. 1. However, such weakness in
P wave has a relatively small affect on the height of peaks
observed. The peak of the P-wave state observed in the obser-
vation channel is almost the same heigh as that of the S-wave
state. Based on the results we concluded that the P-wave inter-
action is weaker but may be still enough to form an observable
bound state, at least for the toy model considered here.
III. APPLICATION TO LHCB HIDDEN-CHARMED
PENTAQUARKS
Now, we turn to a realistic case, the LHCb hidden-charmed
pentaquarks. If these two pentaquarks are interpreted as the
D¯Σ∗ or D¯∗Σ molecular state, the opposite parities suggest that
one of them is at least a P-wave state. Furthermore, the results
in the toy model show that the P-wave state is narrower and
closer to the threshold than the S-wave state, which has anal-
ogy to the narrower Pc(4450) and wider Pc(4380). Hence, the
Pc(4450) and Pc(4380) may be a 5/2
+ (P- and F-waves) state
and a 3/2− (S- and D-waves) state from the D¯∗Σc interaction,
respectively. To confirm this assumption, a two-channel scat-
tering will be constructed as the toy model.
For the generating channel D¯∗Σc, an explicit discussion in
the same quasipotential Bethe-Salpeter equation approach as
the current work has been given in Ref. [15] with pseudoscalar
(π, η), vector (ρ, ω) and scalar (σ) meson exchanges in-
cluded. These two pentaquarks were observed in the J/ψp
invariant mass spectrum, so we choose it as the observation
channel. Since the J/ψp interaction is OZI suppressed, here
we assume a potential iVJ/ψφ→J/ψφ = 0 as in the toy model.
The transition between generating and observation channel
is described by D and D∗ exchanges. So we need the follow-
ing Lagrangians [30–33]:
LΣcND∗ = gΣcND∗ N¯γµτ ·ΣcD∗µ + H.c.,
LΣcND = −igΣcNDN¯γ5τ ·ΣcD + H.c. (16)
Based on SU(4) symmetry, the coupling constants gΣcND∗ =
3.0, and gΣcND= 2.69 [30–32]. The coupling of heavy-light
charmed mesons to J/ψ is of form [34–37]
LD∗D¯J/ψ = gD∗D¯ψ ǫβµατ∂βψµ(D¯
←→
∂ τD∗α + D¯∗α
←→
∂ τD)
LD∗D¯∗ J/ψ = −igD∗D¯∗ψ
[
ψµD¯∗µ
←→
∂ νD∗ν − ψµD¯∗ν
←→
∂ µD
∗
ν
+ ψµD¯∗ν
←→
∂ νD
∗
µ)
]
. (17)
The two couplings are related to a single parameter g2 as
gD∗D∗ψ = 2g2
√
mψmD∗
(s)
, gD∗Dψ = 2g2
√
mDmD∗/mψ with
g2 =
√
mψ/(2mD fψ) and fψ = 405 MeV [34–37]. As dis-
cussed in Ref. [38], we do not consider the form factors for
the light meson coupling with D∗ and the D(∗) coupling with
J/ψ. A form factor as f (q2) = [Λ2/(Λ2 − q2)]2, which satis-
fies the quark counting rule, is only introduced to the vertex
for the baryon with a cutoff Λ which is chosen the same as the
cutoff in the propagator for simplification.
The potential kernel can be obtained with the Lagrangians
given above as our previous work in Ref. [15]. In our model,
only one free parameter, the cutoff Λ, is involved, which will
be determined by comparison with experiment. As in the toy
model, the poles of two-channel scattering in 3/2− and 5/2+
waves are searched by variation of z in the complex plane to
satisfy |1 − V(z)G(z)| = 0, and presented in Fig. 3. The J/ψp
invariant mass spectrum of Λ0
b
→ J/ψK−p decay is given ap-
proximately as [39, 40]
dσ
dW
= C|MJPJ/ψp|2λ
1
2 (W2,m2J/ψ,m
2
p)λ
1
2 (W˜2,W2,m2K− )/W,
(18)
with W˜ being total energy of the decay process, that is, the
mass of Λ0
b
. The square of the J/ψp scattering amplitude
|MJP
J/ψp
|2 is defined and calculated analogously to that in the
toy model in Eq. (15). 1
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FIG. 3. The log |1 − V(z)G(z)| and the J/ψp mass spectrum for the
D¯∗Σc interaction coupled with the J/ψp channel at cutoff Λ=2 GeV.
The results in 3
2
−
wave (left panel) and 5
2
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wave (right panel) are
drawn to the same scale.
The cutoff Λ is varied to produce two poles which can be
related to two LHCb pentaquarks. At cutoff Λ = 1.7 GeV,
which is close to the cutoff in the nucleon-nucleon interac-
tion [18, 19], a pole at 4447 ± 4i MeV is found in 5/2+-wave
D¯∗Σc interaction. Correspondingly, a narrow peak appears in
the J/ψp mass spectrum near the D¯∗Σc threshold. The small
binding energy and width of this state is due to the relatively
weak interaction in P and F waves. Obviously, this state can
be identified as the experimentally observed Pc(4450). In
the 3/2− wave corresponding to S and D waves, a pole at
4392 + 46i MeV is found, whhose peak is rather broad and
far from the D¯∗Σc threshold because of the relatively strong
interaction in this partial wave. Hence, as in the toy model,
the P-wave state is bound more loosely and narrower than the
S-wave state, which is consistent with the experimental obser-
vations of the Pc(4450) and the Pc(4380) [11].
In Table I, more results of the position of the poles with
variation of the cutoff are listed to show the sensitivity to the
parameter, cutoff Λ. In this work we are more interested in
the bound state in the 5/2+ wave near the D¯∗Σc threshold. The
results show that the mass of this higher pole decreases by
about 20 MeV with cutoff increasing from 1.6 to 1. 8 GeV.
6Empirically, it is reasonable to conclude that the result is not
sensitive to the cutoff for the higher pole. The running of the
lower pole in 3
2
−
wave is faster than the higher pole. However,
considering large experimental uncertainty of mass and width
of this state, the result is not so sensitive to the cutoff.
TABLE I. The position of the poles from the D¯∗Σc− J/ψp interaction
with the variation of cutoff Λ. The higher and lower lines are for
JP = 5
2
+
and 3
2
−
waves, respectively. The cutoff Λ and position z are
in units of GeV and MeV, respectively.
Λ 1.60 1.65 1.70 1.75 1.80
5
2
+
4456+i2 4451+i3 4447+i4 4443+i5 4438+i6
3
2
−
4441+i29 4415+i38 4392+i46 4370+i47 4350+i48
It is well known that a resonance leads to a rapid rotation of
evolution of complex amplitude in the Argand diagram. The
molecular state will show a circular trajectory near the posi-
tion of the peak. In Fig. 4, the Argand diagram are shown with
the energy region from 4.30 to 4.46 GeV as in Fig. 3. The en-
ergy region is divided into 500 parts, each of which is plotted
as a dot in Fig. 4.
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FIG. 4. (Color online) The Argand diagrams for the 3
2
−
wave (panel
a) and 5
2
+
wave (panel b). The numbers in the legend are for the
helicities (λ1λ2, λ
′
1
λ′
2
) of the helicity amplitudes.
All independent helicity amplitudes are presented and it is
found that M(01/2,01/2) is the most important one. Because
the amplitudes for the J/ψp scattering are adopted here, the
results cannot be compared directly with the LHCb experi-
ment [11]. But there is still something interesting observed.
The molecular states really give a rapid rotation at energies
near peaks as expected which is a behavior characteristic of a
real resonance structure. For the 5/2+ state corresponding to
Pc(4450), almost an entire circle is formed while for the 3/2
−
state corresponding to Pc(4380) only an arc is formed. The
analogous behaviors can be found in the Argand diagram of
the LHCb experiment [11]. Almost all dots for the 3/2+ state
are at the circle, which reflects the resonance structure cover
all energy region from 4.30 to 4.46 GeV as shown in Fig. 3.
But for the 5/2+ state, only a few dots are involved in the rapid
rotation, which reflects the small width of this state. The dots
out of the resonance region assembles at the (0, 0) point, and
do not show a circular trajectory.
IV. APPLICATION TO THE Y(4274)
In Refs. [5, 7], the DsDs0(2317) interaction has been stud-
ied and the Y(4274) is assigned as an S-wave DsDs0(2317)
molcular state with quantum number JPC = 0−+, which con-
flicts with recent LHCb experiments [12, 13]. To reproduce
the LHCb spin parity of the Y(4274) we need to introduce the
P-wave interaction. Considering that the DsD¯s0(2317) inter-
action is mediated by φ and η exchanges, it is possibly strong
enough to generate a P-wave bound state.
As in Ref. [7], the potential of the DsD¯s0(2317) interac-
tion by light meson exchanges can be obtained with the La-
grangian from the heavy quark field theory [37],
L = i −2h√
6 fπ
(D†s
←→
∂ µDs0 + D
†
s0
←→
∂ µDs)∂µη
− iβgV√
2
D†s
←→
∂ µDsφµ + i
β′gV√
2
D
†
s0
←→
∂ µDs0φµ, (19)
where the coupling constants h = −0.56 ± 0.28, ββ′ = 0.90,
gV = mρ/ fπ = 5.8 with fπ = 132 MeV [5, 6, 37, 41]. Since
β and β′ are not well determined in the literature, we choose
ββ′ = 0.9ηββ′ and take ηββ′ as a free parameter.
Here we will use these potentials to study the 1++ (P-wave)
bound state as well as the 0−+ (S-wave) bound state. To
compare the contributions of S-wave and P-wave states in
the J/ψφ channel, we also introduce the transition between
DsD¯s0(2317) and J/ψφ channel through D
∗
s exchange. Differ-
ent from the toy model and the case of Pc(4450) and Pc(4380),
the 1++ (P-wave) and 0−+ (S-wave) bound states from the
DsD¯s0 interaction decay into J/ψφ in S and P waves, re-
spectively. The Lagrangians for J/ψ coupling to D∗sD¯s and
D∗sD¯s0(2317) reads [37, 42]
LD∗s D¯s J/ψ = 2g2
√
mDs mD∗s
mψ
ǫβµατ∂
βψµ
· (D¯s
←→
∂ τD∗αs + D¯
∗α
s
←→
∂ τDs),
LD∗s D¯s0 J/ψ = −2g3
√
mDs mDs0mψ ψ · D¯∗s Ds0 + H.c., (20)
where g3 =
√
mψ/ fψ. The Lagrangians for J/ψ coupling to
D∗sD¯s and D
∗
sD¯s0(2317) reads [37, 42],
LD∗s Dsφ = −i
√
2λgVελαβµ(D
∗µ†
s
←→
∂ λDs + D
†
s
←→
∂ λD
∗µ
s )∂
αφβ,
LD∗s Ds0φ =
√
2̟gV (D
†
s0
←→
∂ αD
∗β
s − D∗β†s
←→
∂ αDs0)(∂αφβ − ∂βφα)
−
√
2ζgV
√
mDs0mD∗s (D
†
s0
D
∗µ
s + D
∗µ†
s Ds0)φµ, (21)
where λ = 0.56 GeV−1, ζ = 0.727 and ̟ = 0.364. As in
the case of the pentaquark, we do not consider the form fac-
tors for the light meson coupling with Ds while form factor
are introduced to the vertex for D∗
s0
because it is an excited
state. Since there does not exist experimental or theoretical
7information about the form factor for D∗
s0
meson. Form factor
as f (q2) = Λ2/(Λ2 − q2) are introduced to the vertex for the
D∗
s0
meson with a cutoff Λ which is chosen the same as the
cutoff in the propagator for simplification.
It is found that with Λ = 1.8 GeV and ηββ′ = 1.8, a pole at
4275+11iMeV is produced from the DsD¯s0(2317) interaction
with 1++, which is presented in Fig. 5. As in the case of the
toy model and the case of the Pc(4450), the 1
++ (P-wave) state
appears near the threshold while a 0−+ (S-wave) state is far
from the threshold of the generating channel. The pole near
the threshold at 4275±11iMeV can be related to the Y(4274)
with the spin parity 1++ suggested by LHCb. It is interesting
to find that the 0−+ (S-wave) state is below the J/ψ threshold,
which explains why it cannot be observed in experiment. 1
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FIG. 1. The log |1 − V(z)G(z)| and the J/ψφ mass spectrum for the DsD¯s0(2317) interaction coupled with J/ψφ channel at cutoff Λ=2 GeV.
The results in 0−+ wave (left panel) and 1++ wave (right panel) are drawn to the same scale. The explicit partial waves on orbital angular
momentum L are not given here because the 1++ (P-wave) and 0−+ (S-wave) bound states from the DsD¯s0(2317) interaction decay into J/ψφ
in S and P waves, respectively.
FIG. 5. The log |1 − V(z)G(z)| and the J/ψφ mass spectrum for the
DsD¯s0(2317) interaction coupled with the J/ψφ channel at cutoff
Λ=2 GeV. The results in 0−+ wave (left panel) and 1++ wave (right
panel) are drawn to the same scale. The explicit partial waves on
orbital angular momentum L are not given here because the 1++ (P-
wave) and 0−+ (S-wave) bound states from the DsD¯s0(2317) interac-
tion decay into J/ψφ in S and P waves, respectively.
In Table II, more results about the position of the poles
are listed as in the hidden-charmed pentaquark case. Anal-
ogously, the pole near the DsD¯s0(2317) threshold is not sen-
sitive to cutoff. The mass decreases by about 10 MeV with
cutoff increasing from 1.7 to 1. 9 GeV. The running of the
lower pole in the 3
2
−
wave is faster than the higher pole.
TABLE II. The position of poles from the DsD¯s0(2317)− J/ψφ inter-
action with the variation of cutoff Λ . The higher and lower lines are
for JP = 1++ and 0−+ waves, respectively. The cutoff Λ and position
z are in units of GeV and MeV, respectively.
Λ 1.70 1.75 1.80 1.85 1.90
1++ 4278+i10 4276+i10 4275+i11 4272+i12 4269+i13
0−+ 3900 3872 3841 3809 3774
V. DISCUSSION AND CONCLUSION
In this work, we study the D¯∗Σc and DsD¯s0(2317) interac-
tions and their relation to the experiment observed Pc(4450)
and Y(4274) in the hadronic molecular state picture. The spin
parities of these two states cannot be reproduced from only
S-wave interactions, so the spin parties which correspond to
P wave are considered in this work. A pole near the D¯∗Σc
threshold and a pole near DsD¯s0 threshold can be found with
quantum number 5/2+ and 1++, respectively. These two poles
can be related to the experimentally observed Pc(4450) and
Y(4274).
The bound states with spin parties which correspond to S
wave are also produced as expected. When the P-wave state
is produced near threshold, the S-wave state is far from the
threshold. For the D¯∗Σc interaction, the pole from 3/2−-wave
interaction locates at about 4390 MeV, which can be related
to the Pc(4380) state. As suggested in Ref. [1] existence of
two or more resonant signals around 4380 MeV, especially
those with spin parity 3/2−, cannot be excluded because of the
large widths for the Pc(4380) obtained here and in experiment.
For the DsD¯s0(2317) interaction, the S-wave state is far from
the threshold even below the J/ψφ threshold, so cannot be
observed in experiment.
By introducing an observation channel, the effects of states
in different partial waves on experiment observables are dis-
cussed. For the toy model and the D¯∗Σc-J/ψp interaction, the
P-wave state near threshold is narrower than the S-wave state
far from the threshold, but the height of the peak of the for-
mer is of the same order of magnitude as the peak of the latter.
In this work, only two channels are included. If the width of
the P-wave state is really so smaller than S-wave state after all
possible channels included, the P-wave state should be easy to
observe in experiment. Back to the questions in the Introduc-
tion, at least for the cases considered in this work,
• P-wave interaction is weaker but may be still enough to
form a bound state.
• The P-wave bound state can be observed as these from
S-wave interaction.
• The S-wave bound state should be far from the thresh-
old if the observed state corresponds tothe P-wave
bound state.
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